The influence of amino acid starvation on polysome content was examined in relaxed and stringent strains of Escherichia coli which were isogenic for the RC locus. No difference was observed between the polysome profiles obtained from two different sets of stringent and relaxed strains starved for the same amino acid. In both relaxed and stringent strains, starvation for amino acids other than methionine resulted in only a slight breakdown of polysomes with a concomitant increase of 70S ribosomes. However, starvation for methionine in both RC stringent and relaxed strains of E. coli resulted in a more extensive degradation of polysomes and accumulation of 70S ribosomes. The 70S ribosomes obtained as a result of methionine starvation were more sensitive to degradation to 50 and 30S subunits in 10-1 M Mg2+ than 70S monomers obtained either by degradation of polysomes with ribonuclease or by starvation of cells for amino acids other than methionine. The 70S ribosomes from methionine starvation were similar (sensitivity to 10-3 M Mg,+) to 70S ribosomes obtained from cells in which initiation of protein synthesis had been prevented by trimethoprim, an inhibitor of formylation. Since N-formyl-methionyl-transfer ribonucleic acid is required for initiation, the 70S ribosomes obtained in both methionine-starved and trimethoprim-treated cells must result from association of 50 and 30S subunits for reasons other than reinitiation. These results suggest that the level of ribonucleic acid synthesis does not influence the distribution of ribosomes in the polysome profile and vice versa.
A number of investigations have been reported concerning the polysome content of relaxed and stringent strains of Escherichia coli starved for various amino acids. In their studies, Ron, Kohler, and Davis (13) and Morris and DeMoss (10) observed that amino acid starvation of an RC relaxed strain resulted in only a gradual shift from larger to smaller polysomes. Morris and DeMoss (10) further concluded that there was a direct correlation between the level of polysomes and the synthesis of net ribonucleic acid (RNA) in relaxed and stringent strains of E. coli. The validity of this conclusion, however, has been questioned. Whereas Morris and DeMoss (10) reported disappearance of polysomes in an E. coli stringent strain starved for leucine, and Ron, Kohler, and Davis (13) observed partial breakdown, Friesen (8) , in a more recent study, has found that the polysome content of RC stringent cells starved for a required amino acid remained similar to that observed in an exponentially I Present address: Department of Biochemistry, Roche Institute of Molecular Biology, Nutley, N.J. 07110. growing culture, except in one of several strains examined.
Because of the above contradictory reports, the current study was initiated to reinvestigate the influence of starvation for a variety of amino acids on the stability of polysomes in stringent and relaxed strains of E. coli. To avoid possible confusion arising from differences in genetic composition the effect of amino acid starvation was determined in relaxed and stringent strains of E. coli isogenic except for the RC locus. The present communication also reports some of the properties of 705 monosomes accumulated as a result of starvation for various amino acids and compares these to the properties of 70S monosomes obtained as a result of treatment with trimethoprim, a drug which inhibits initiation of protein synthesis.
MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. The organisms used were E. coli F8 (8), a relaxed strain derived from 58.161 requiring thymine, histi-on October 24, 2017 by guest http://jb.asm.org/ Downloaded from dine, and methionine; E. coli F74 (8), a stringent strain derived from F8 requiring histidine and methionine; E. coli H128, a stringent strain derived from strain CP78 (6), requiring threonine, leucine, histidine, arginine, methionine, and vitamin Bs; and E. coli H130, a relaxed strain derived from CP79 (6) with the same nutritional requirements as H128. The cells were grown on Medium A (3) supplemented with glucose (0.5%) and all the nutritional requirements of the strain. All cultures were grown at 37 C with vigorous aeration.
All cultures were exponentially growing when used and were at a concentration of 5 X 108 cells per ml.
Incorporation of radioactivity into RNA and protein. These techniques have been described previously (2) .
Chemicals. L-Leucine-1_14C (25 mc/mmole) and uracil-2-'4C (30 mc/mmole) were products of New England Nuclear Corporation, Boston, Mass. All other chemicals were commercially available products.
Preparation of polysomes. Polysomes were prepared as previously described (7) What is apparent from these studies (both in relaxed and stringent strains), is the difference between the polysome content obtained from cells starved for methionine and those starved for histidine (or any of the other amino acids in strains H128 and H130). The fraction of single ribosomes is proportionally greater in the polysome profiles extracted from cells starved for methionine than those starved for histidine (or any other amino acids).
The data also reveal that, although the rate of RNA synthesis during amino acid starvation is decreased in the stringent strain over that observed in the relaxed strain, measurable RNA (and also protein) synthesis still occurs (see reference 4). Nevertheless, the rate of RNA formation does not appear to be related to the shape of the polysome profiles in the stringent and relaxed mutant starved for the same amino acid.
Influence of trimethoprim on polysome profiles. Since the above studies suggest a difference between the polysome profiles obtained from cells starved for methionine and cells starved for other amino acids, we thought that the differences observed might be due to the inhibition of reinitiation of protein synthesis in cells starved for methionine. To examine this point, studies were performed to determine the effect of incubation of cells with trimethoprim on polysome profiles. This drug is known to inhibit formylation (1, 5) and, thereby, prevent production of formylmethionyl-transfer RNA (tRNA) which is necessary for initiation. Incubation of cells of stringent strain F74 with 100 Ag of trimethoprim per ml for 30 min inhibited RNA and protein synthesis by greater than 90%. After incubation, the cells were harvested, a cell-free extract was prepared, and the polysome profile was examined. During this incubation polysomes were degraded and single ribosomes accumulated (Fig. 3) . Since this drug presumably affects initiation, the accumulation of 70S monosomes instead of 50 and 30S subunits was somewhat surprising. Phillips et al. (12) have made a similar observation.
Stability of 70S ribosomes derived from trimethoprim-treated cells, from polysomes treated with ribonuclease and from cells starved of amino acids. Recently, Ron et al. (14) have suggested that differences in 70S ribosome populations exist. These two populations of 70S ribosomes can be distinguished by differences in their stability in 10-1 M Mg2. Ribosomes containing messenger RNA (mRNA) and peptidyl-tRNA are stable in this concentration of Mg2+, whereas the other population lacking these components breaks down to the 50 and 30S subunits. The next experiment, therefore, was designed to examine the characteristics of 70S ribosomes derived from trimethoprim-treated cells and from methionine and histidine-starved cells. The results shown in Fig. 4 illustrate that the ribosomes derived from trimethoprim-treated cells (Fig. 4E ) dissociate into 50 and 30S subunits in 10-3 M Mg2+. At the same Mg2+ concentration, single ribosomes (which contain mRNA and peptidyl-tRNA) obtained by ribonuclease degradation (Fig. 4D ) of polysomes are resistant to breakdown to subunits. Figure 4 also illustrates that 70S ribosomes derived from F74 cells starved for methionine (Fig. 4B) are much more sensitive to dissociation in 10 M MgMe than are those ribosomes derived from cells starved for histidine (Fig. 4C) . Similar results (data not shown) were obtained with the other bacterial strains used in the study. DISCUSSION The most striking result obtained in the present study is that the polysome content of E. coli is not a function of the rate of RNA synthesis and EFFLUENT VOLUME (ml) FIG. 3 . Polysome profile of trimethoprim-treated E. coli F74. The culture was treated with trimethoprim (100 LAg/ml) for 15 min, harvested, and subjected to sucrose density gradient analysis. This was a short spin.
vice versa, although previous work (10, 13) with nonisogenic stringent and relaxed strains indicated that RNA synthesis was correlated with polysome content. This observation that the polysomes in certain stringent strains break down during amino acid starvation may be the property of certain strains, but it is not related to RNA synthesis. The present comprehensive study using strains isogenic except for the RC locus showed that no specific differences in the level of polysomes exist between stringent and relaxed strains starved of a variety of amino acids. This finding is in agreement with Friesen's observation (8) . In both RC stringent and relaxed strains, starvation for an amino acid other than methionine produced a relatively small shift in the size of polysomes from large to small aggregates. However, during starvation for methionine, the polysomes markedly broke down to small aggregates, and primarily to single 70S ribosomes.
During the course of this investigation, information was accumulated concerning the properties of the 70S ribosomes which appeared during breakdown of polysomes as a result of amino acid starvation. Although 70S ribosomes may be an artifact of the method used for isolation (11, 12) , the 70S ribosomes which accumulate during methionine starvation have properties different from those 70S particles accumulated during starvation for other amino acids since they appear much less stable in the presence of 10-8 m Meg.
The stability of 70S ribosomes in 10-3 M Mg2+ has been studied by Ron et al. (14) . do not possess these components break down in 10-3 M Mg'+ to 50 and 30S subunits.
The 70S monosomes accumulated during methionine starvation resemble those found in cells treated with trimethoprim. Since this drug inhibits formylation and thus initiation of protein synthesis, 70S ribosome production cannot result from assemblage of 50 and 30S subunits in a process involving binding of mRNA and tRNA. As a result, these 70S ribosomes, like those derived from methionine-starved cells, are unstable in the presence of 10-i M Mg2+. How the 50 and 30S subunits associate under these conditions is not entirely clear, but may involve the dissociation factor described by Davis and co-workers (9, 15) . It is clear, however, that the 70S monosomes found in each instance are not the result of true reinitiation since, in the case of methionine starvation, the tRNAm,,et would be lacking, and, in the case of trimethoprim treatment, formylation, also essential for reinitiation, would not occur.
The single ribosomes which appear during histidine starvation (either in relaxed or stringent strains), however, are different from those which are found in methionine-starved cells (either relaxed or stringent). The ribosomes derived from the histidine-starved cells are more stable in 10-8 M Mg2+ than the 70S ribosomes isolated from methionine-starved cells.
The relatively greater stability in 10-m Meg2 of 70S ribosomes isolated from histidine-starved cells can be explained. Since methionine is present under these conditions, reinitiation and some limited protein synthesis could have occurred until the lack of histidine caused inhibition of further protein synthesis. Thus, as observed by using ribosomes isolated by ribonuclease treatment of polysomes, these 70S ribosomes, containing mRNA and peptidyl-tRNA (14) , are stable in 10-3 M Mg2+.
